Introduction {#Sec1}
============

Computational modelling of left ventricular (LV) mechanics provides unique insights into LV functions in both diseased and healthy states. Such modelling relies essentially on the knowledge of constitutive laws and the corresponding myocardial material properties \[[@CR1]\]. These material properties also provide invaluable diagnostic information for patient risk stratification \[[@CR2]\]. For example, the passive mechanical stiffness of the myocardium can affect the diastolic filling of LV, which further affects the systolic pump function. Estimating the constitutive parameters non-invasively, however, remains a great challenge for the LV modelling community.

Applications of the finite-element method (FEM) in biomechanical LV modelling date back to the 1970s with homogeneous isotropic linear material \[[@CR3]--[@CR5]\] in diastole, then followed by three-dimensional stress analysis in the myocardial wall of human LV reconstructed from clinical data \[[@CR6]--[@CR8]\]. By considering the left ventricle of a beating dog heart as a thick-walled, fibre-reinforced structure and using non-linear finite-element analysis, Guccione et al. \[[@CR9]\] simulated LV dynamics at end of diastole (ED) and end of systole (ES) with a transversely isotropic constitutive law \[[@CR10]\]. Recently, the FEM has been applied to patient-specific modelling of heart diseases, and the models may consist of anatomic reconstruction, electrical activity, biomechanics and haemodynamics with non-linear hyper-elastic constitutive laws \[[@CR11], [@CR12]\]. Note that in those investigations, one solves either the static or the dynamic problems with the given material properties.

Traditionally, the mechanical properties of the LV myocardium are determined by a series of uni-axial \[[@CR13]\] or biaxial sample tests \[[@CR14]\] or simple shear deformations \[[@CR15]\] on specimens harvested from a specific heart. These experiments provide insights into not only formulating a constitutive law of the myocardium as well as determining the parameters \[[@CR16]\]. However, these methods involve invasive operations and the destruction of tissues and are not suitable for in vivo or clinical applications.

An alternative method of determining passive LV mechanical behaviour is the inverse estimation. For example, parameters of a forward problem can be tuned to match the pressure--volume and motion fields provided by clinical imaging. This approach was first used in \[[@CR17], [@CR18]\]. The inverse estimation is typically formulated as a non-linear optimization problem to minimize the difference in the measurements with respect to the unknown parameters. Because of the highly non-linear nature of the optimization problem, and because that the constitutive parameters are often correlated, it is non-trivial to inversely estimate those parameters accurately and uniquely from the noised measurements \[[@CR19]\], especially when complicated constitutive laws are used \[[@CR20]\].

Earlier studies mainly used homogeneous isotropic linear elastic material models for the myocardium, which are inappropriate in modelling myocardial mechanical behaviour since it is a hyper-elastic, fibre-reinforced material; for summary on the myocardial material models, the interested reader is referred to \[[@CR1]\]. Guccione et al. \[[@CR10]\] inversely estimated the parameters of a non-linear, transversely isotropic, four-parameter strain energy function (known as Guccione's law) using a three-dimensional (3D) model reconstructed at the beginning of the diastole. The inverse method was later extended to include passive 3D LV aneurysm properties \[[@CR21]--[@CR24]\]. Augenstein et al. \[[@CR25], [@CR26]\] described an ex vivo experimental method and apparatus for myocardial parameter estimation using cardiac magnetic resonance (CMR) imaging and Guccione's law. The sequential quadratic programming (SQP) method was used to optimize parameters by matching the experimentally measured geometry, deformation fields and applied boundary conditions. The method was also validated against a deformable silicon gel phantom with known material properties. Their results suggested that it is feasible to extract meaningful biophysical parameters from CMR data. Nair et al. \[[@CR27]\] used a genetic algorithm to estimate the four parameters of Guccione's law with a rabbit LV model by matching the strains.

Using in vivo CMR images combined with ex vivo diffusion tensor CMR, Wang et al. \[[@CR28]\] sequentially estimated the four parameters of Guccione's law on a canine model using motion data from two states of the left ventricle: unloaded reference state and ED. SQP was used for the optimization procedure, too. Later the researchers applied the method to estimate the in vivo myocardial tissue properties on heart failure patients \[[@CR29]\]. Because of a lack of motion data, only one parameter from Guccione's law was optimized by matching the LV dynamics; the remaining three parameters were taken from canine studies. Xi et al. \[[@CR30]\] used a reduced-order unscented Kalman filter to optimize Guccione's law from an in vivo CMR study for a human heart. They also estimated relaxation parameters in diseased LV models \[[@CR2]\] by combining cine and tagged CMRs along with invasively measured ventricular pressure.

The aforementioned studies all used Guccione's law, which assumes that the myocardium is transversely isotropic. Recent studies have demonstrated that myofibres have a highly laminar structure forming local orthotropic material axes inside the myocardium \[[@CR31]\]. It has been pointed out by Schmid et al. \[[@CR32]\] that a transversely isotropic law is not suitable for modelling the passive myocardial response in simple shear tests. Therefore, to account for the layered micro-structure, orthotropic constitutive laws have been proposed, such as the Fung-type law \[[@CR33]\], pole-zero law \[[@CR34]\] and strain-invariant-based law \[[@CR1]\]. Generally, there are more parameters in orthotropic constitutive laws compared to transversely isotropic laws, which makes the inverse estimation harder to do. Using a synthetic LV model, Remme et al. \[[@CR20]\] inversely estimated parameters for the pole-zero law. However, because of the high intercorrelations among the parameters, only 3 out of 18 parameters were estimated.

Although a number of studies have demonstrated the feasibility of inversely estimating constitutive parameters from in vivo clinical measurements using simpler constitutive relations \[[@CR10]\], fewer attempts have been made to estimate parameters from in vivo data using orthotropic laws \[[@CR20]\]. The orthotropic constitutive law proposed in \[[@CR1]\] (known as the Holzapfel--Ogden law) has strong ellipticity with respect to material stability and fewer parameters than the pole-zero law. Most importantly, the advantage of the Holzapfel--Ogden law is that it can account for a layered myofibre architecture. The Holzapfel--Ogden law is also relatively easy to implement using the FEM. However, to the authors' best knowledge, the feasibility of identifying the parameters of the Holzapfel--Ogden law from non-invasive clinical measurements has not yet been investigated.

In this paper, we carry out such a study for the first time using a previously published LV model with known parameters to provide a set of synthetic strain data and pressure--volume relationships \[[@CR35]\]. Once verified, the optimization method is then extended and applied to in vivo models with limited clinical measurements.

Methodology {#Sec2}
===========

Constitutive law for passive myocardium {#Sec3}
---------------------------------------

The Holzapfel--Ogden constitutive law \[[@CR1]\] assumes that the strain energy function $\documentclass[12pt]{minimal}
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Study 1: Feasibility study {#Sec4}
--------------------------

### Synthetic model {#Sec5}

To check the feasibility of the inverse estimation of parameters in the Holzapfel--Ogden law from strain and pressure--volume data, a previously published passive LV model \[[@CR35]\] with known material parameters (i.e. the so-called true parameters) is simulated using ABAQUS FEA. The myofibre structure and boundary conditions of the LV model are kept the same as in \[[@CR35]\]. This produces a set of synthetic data (i.e. the so-called experimental data) when the endocardial pressure is increased from 0 to 8 mmHg. From these data we extract the LV cavity volume, as well as the first, second and third principal strains from randomly distributed observation points inside the LV wall (excluding the basal plane where the boundary conditions are applied) throughout the LV diastolic loading phase.

### Optimization procedure {#Sec6}
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Study 2: Application to in vivo modelling {#Sec7}
-----------------------------------------

Having developed the multi-step optimization procedure, we proceed to estimate the parameters of the Holzapfel--Ogden law using in vivo data. An in vivo LV geometry is first reconstructed from a CMR study of a healthy male volunteer, age 28. The CMR study was performed on a Siemens MAGNETOM Avanto (Erlangen, Germany) 1.5 Tesla scanner with a 12-element phased array cardiac surface coil. The imaging protocol included cine sequence with steady-state free precession. Custom MATLAB software was written to segment the endocardial and epicardial boundaries at early diastole when the LV pressure is lowest (Fig. [2](#Fig2){ref-type="fig"}a). Following the manual segmentation, prolate spheroidal coordinates and cubic B-splines are used to fit endocardial and epicardial surfaces, smoothness regularization is imposed to minimize the geometric distortion, and constraints are imposed on the fitting parameters to maintain $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C^2$$\end{document}$ continuity at the apex. Figure [2](#Fig2){ref-type="fig"}b shows the unfitted reference LV geometry. Hexahedral elements are generated using a linear interpolation from endocardial to epicardial surfaces, as shown in Fig. [2](#Fig2){ref-type="fig"}c. The interested reader is referred to \[[@CR40]\] for more details on the LV geometry reconstruction.Fig. 2Computational in vivo LV model. **a** Endocardial and epicardial boundaries segmentation. **b** Reference LV mesh described in prolate spheroidal coordinates. **c** Fitted LV mesh

An in-house B-spline deformable registration method \[[@CR41]\] is used to estimate the regional circumferential strain from early to ED from four positions of short-axis cine images from basal to middle ventricles and six regions for each short-axis position. The LV cavity volumes at ED are also calculated from the cine images. In summary, the data from the in vivo measurements consist of 24 regional circumferential strains and LV cavity volume at ED. Because the ventricular pressure recording is not available, a population-based ED pressure (8 mmHg) is assumed.

### Sensitivity analysis {#Sec8}

Generally, the in vivo measurements are more noisy and contain significantly fewer data compared to what can be produced by the synthetic model (25 versus 1,525), so a more comprehensive sensitivity analysis is performed.
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Since the absolute LV volume is much greater than the strains, it can overdominate the optimization procedure. Hence, we also perform the same sensitivity study using the normalized LV volume, $\documentclass[12pt]{minimal}
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---------------
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In vivo estimation {#Sec11}
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Figure [5](#Fig5){ref-type="fig"} plots the detailed regional circumferential strains at ED after each step. After Step 3, the simulated regional circumferential strain is in good agreement with the measurements. Figure [6](#Fig6){ref-type="fig"} shows the myofibre stress distributions within the LV at ED using both the initial and optimized parameters. Clearly, the initial parameters yield a very different stress pattern compared to the optimized ones.Fig. 5Regional circumferential strain at end of diastole after each optimization step (strain is calculated related to early diastole: the reference state)Fig. 6Distributions of myofibre stress at 8 mmHg endocardial pressure for in vivo LV model using **a** initial parameters and **b** optimized parameters

Since we use a population-based end-diastolic pressure (EDP) in the parameter estimation, we check the change of the parameters when the EDP is varied from 10 mmHg to 16 mmHg; this is summarized in Table [6](#Tab6){ref-type="table"}. Changes in the myofibre stress--strain relationships, when estimated with different EDPs, are plotted in Fig. [7](#Fig7){ref-type="fig"}. In general, with increased EDP, the stiffness along the myofibres increases.Fig. 7Predicted myofibre stress--strain relationships under uni-axial tension and with parameters estimated from different values of the end-diastolic pressure, compared with predictions from other studiesTable 6Estimated parameters with different end-diastolic pressures (EDPs)EDP (mmHg)$\documentclass[12pt]{minimal}
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In Fig. [7](#Fig7){ref-type="fig"}, we further compare the myofibre stress--strain relationship with those from other studies which inversely estimated human myocardial parameters based on different constitutive laws and EDPs. Xi et al. \[[@CR42]\] used a healthy subject and 13.6 mmHg EDP; Wang et al. \[[@CR29]\] reported the averaged healthy myocardial stiffness from six subjects and 11 mmHg EDP; Krishnamurthy et al. \[[@CR12]\] estimated the functional myocardial stiffness from one LV dysfunctional patient with an EDP of 15 mmHg. Although there are necessary discrepancies due to the subject variety and different constitutive laws used, the overall trend of the mechanical responses is similar.Table 7Estimated parameters for uncertainty analysisCase$\documentclass[12pt]{minimal}
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As for most of the inverse problems, the uniqueness of inversely estimated coefficients cannot be guaranteed. To test the robustness of the procedure, however, we look at seven more cases: (1) using different values of $\documentclass[12pt]{minimal}
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                \begin{document}$$b_\text {f}^\text {ini}$$\end{document}$ by half; (6) adding Gaussian noise to the measured circumferential strains with a half standard deviation of the measured values; and (7) as in (6) but using one standard deviation of the measured values. Table [7](#Tab7){ref-type="table"} summarizes the estimated parameters from all seven cases, and the corresponding myofibre stress--strain relationships for a cubic myocardial tissue under uni-axial tension are shown in Fig. [8](#Fig8){ref-type="fig"}. We notice that although there are some differences in the estimated parameters for the different cases, there seems to be reasonable agreement in the predicted myofibre stress--strain relationships (Fig. [8](#Fig8){ref-type="fig"}). This is confirmed by applying the optimization procedure to two more healthy volunteers (see the appendix for details). The myofibre stress distributions obtained using different sets of parameters in Table [7](#Tab7){ref-type="table"} are all found to be similar to the stress distribution in Fig. [6](#Fig6){ref-type="fig"}b (and hence not shown). Since the myofibre stress--strain relationship largely determines the LV responses, and given the extreme difficulty in the in vivo parameter estimation, the proposed optimization procedure is deemed to be sufficiently robust.Fig. 8Predicted myofibre stress--strain relationships from different cases listed in Table [7](#Tab7){ref-type="table"} under uni-axial tension

Discussion {#Sec12}
==========

Estimating the material parameters of myocardial constitutive laws from limited in vivo data remains a major challenge due to the non-linearity of the model responses and strong intercorrelations between the material parameters \[[@CR2]\]. Furthermore, different constitutive laws have different parameter sets and behaviours, and specific treatment in the inverse problem is often required for a given constitutive law. Although the structure-based Holzapfel--Ogden law is gaining popularity in heart modelling, to the best of our knowledge, no studies have been performed to estimate the parameters of the Holzapfel--Ogden law from in vivo measurements.

In this study, inspired by the ideas from previous studies \[[@CR20], [@CR27], [@CR30]\], we first developed an optimization procedure for estimating the parameters of the Holzapfel--Ogden law using a synthetic model to produce the so-called true values. The synthetic model allows us to investigate the estimation errors and verify the correctness of the solution. By performing the sensitivity analysis, we show that even with a large amount of strain and pressure--volume data, it is difficult to accurately estimate the sheet parameters $\documentclass[12pt]{minimal}
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When applying the approach to in vivo LV models, we have encountered difficulties since there are insufficient data from clinical measurements. Various constraints must be introduced to reduce the complexity of the problem. One constraint is to assume that the eight parameters can be grouped into two (one with exponential terms, and one without) and scaled to the corresponding groups of the original parameters \[[@CR35]\]. In this way, we only need to estimate two scaling factors, $\documentclass[12pt]{minimal}
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The sensitivity analysis shows that the parameters in the Holzapfel--Ogden law are highly intercorrelated; for example, an increase in $\documentclass[12pt]{minimal}
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                \begin{document}$$b$$\end{document}$ or other correlated parameters. This leads to uncertainties in the parameter estimation. This is a common issue for all anisotropic constitutive laws. Xi et al. \[[@CR2]\] found that, with their synthetic LV models, a unique solution for estimating the seven parameters of Costa's law \[[@CR33]\] cannot be achieved using a reduced-order unscented Kalman filter. Therefore, they used the transversely isotropic Guccione's law with a lower level of complexity.

Instead of changing the constitutive law, we reduce the complexity of the problem by estimating a total of five parameters only, $\documentclass[12pt]{minimal}
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                \begin{document}$$C_a,\,C_b,\,a_\text {f},\,b_\text {f},\,C_3$$\end{document}$. Even with the reduced set of parameters, it is not possible to establish the global minimization or the uniqueness of the solution given the ill-posed nature of the inverse problem. However, we have tested various cases to show that more or less the same mechanical responses in the physiological range could be achieved even though the parameters are somewhat different. One possible explanation for the same stress--strain relationship from different parameter values of the same constitutive law is that the law is based on coupled strain attributes \[[@CR43]\].

In this study, only cine CMR imaging is used to provide data for the in vivo LV model. Although dedicated strain CMR imaging is able to provide 3D LV deformation, this requires complex image processing and additional scanning time, which may not be possible for some patients. Cine CMR images are widely available from routine scans. Hence the optimization procedure proposed based on cine CMR imaging can be readily used for clinical applications. The downside of the approach is that accurately estimating LV motion/strain from cine CMR images is more difficult because cine images are usually 2D images; therefore, the out-plane motion cannot be easily estimated. In addition, due to the lack of patterns or features for motion tracking, large uncertainties exist when estimating the pixel-wise strain. Our previous study \[[@CR41]\] showed that regional circumferential strains estimated from cine images using a deformable image registration method compared well with those from dedicated strain CMR imaging for both healthy volunteers and patients with myocardial infarction, but greater discrepancies existed in the estimated regional radial strains. Thus, in the in vivo LV model, only regional circumferential strains are used for the objective function.

The dilemma is that, while fewer data make the inverse problem more ill-posed, demanding more data means more clinical measurements with longer acquisition times, which is not always possible. In a patient CMR study, only necessary measurements are performed routinely. Furthermore, CMR image at late-diastole is difficult to achieve, while the ED frame is always recorded with high quality; therefore, it is desirable to use information from the ED frame for material parameter estimation. However, issues associated with inversely estimating material properties from an ED frame have been reported in several studies \[[@CR26]\]. Xi et al. \[[@CR42]\] found that with an ED measurement, the parameters cannot be uniquely constrained, although such a measurement can provide a potentially robust indicator of myocardial stiffness, which is similar to what we found. Augenstein et al. \[[@CR25]\] showed that with five frames of CMR data, the parameters from Guccione's law could be inversely estimated within a 5% margin of error.

In our study, because of the lack of an in vivo EDP recording and strain CMR, we must rely on the limited ED frames for the parameter estimation. Therefore, rather than aiming to obtain the unique parameters, which is not possible, we try to extract the myocardial stiffness. It goes without saying that with more data available from routine CMR measurements, the parameters could be estimated with higher accuracy. This has been demonstrated by the synthetic model: the inversely estimated parameters are fairly close to the so-called true parameters.

In the in vivo LV model, an original set of parameters is required. We used a set obtained by fitting the simple shear tests on healthy swine myocardial samples \[[@CR15], [@CR35]\]. These original parameters might affect the accuracy of inverse estimation. Parameters based on human myocardial samples may be a better candidate, but these are not yet available.

Validating the inversely estimated parameters in the in vivo LV model is difficult since it is impossible to perform mechanical tests on in vivo hearts. Previous studies tried to compare results with those of other studies \[[@CR2], [@CR28]\]. Our estimated parameters are shown to be in the same range as in \[[@CR12], [@CR29], [@CR42]\].

An important issue in LV modelling is the choice of a suitable constitutive law for the myocardium. In this paper, we choose the well-established Holzapfel--Ogden model. We are aware that the Holzapfel--Ogden law makes no use of the deformation invariants $\documentclass[12pt]{minimal}
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                \begin{document}$$I_7 (=\mathbf{s_0 C}^2\mathbf{s_0})$$\end{document}$, which has recently been shown to be incompatible with linear elasticity \[[@CR44], [@CR45]\]. However, it is well known that if you reduce the number of invariants, then you cannot fully capture linearly elastic responses, but the consequences of this should be viewed with extreme caution since experiments on soft tissue in the small-strain regime, by the very nature of the material, are not very accurate or reliable. Indeed, many of the current invariant-based laws do a very good job of fitting the data of a wide range of soft tissues to a wide range of deformations -- and the fact that they do not fully capture linear elasticity is, under the present state of experimental knowledge of the mechanics of soft tissues, largely irrelevant. The Holzapfel--Ogden law, in particular, is the model that can fit all the data of the simple shear experiments well \[[@CR15]\], and the computed LV dynamics based on the Holzapfel--Ogden law seem to predict the measured strains and volumes well within the physiological range. In addition, including more invariants will greatly increase the complexity of the inverse problem and make it extremely hard, if not impossible, to estimate all the parameters from in vivo measurements.

Other limitations of the work in common with many published LV models are as follows: (1) the in vivo LV geometry is reconstructed at ED, which is not stress-free, and residual stress is not considered \[[@CR39]\]; (2) the heterogeneous distribution of material properties is not considered in the LV models; and (3) the proposed method can be potentially extended to diseased heart tissue with some changes in the optimization procedure to account for a remodelled micro-structure, such as myocardial infarction \[[@CR46]\].

Conclusion {#Sec13}
==========

In this study, we have investigated, for the first time, the feasibility of inversely estimating parameters in the orthotropic Holzapfel--Ogden constitutive law for passive myocardium by proposing a multi-step optimization procedure using both strain and pressure--volume data. When applied to a synthetic LV model, the estimated parameters are very close to the known parameters, although some uncertainties exist in estimating parameters along the sheet direction due to the low sensitivity. For parameter estimation of in vivo models, a more comprehensive sensitivity study is performed due to the limited measurement data. The material parameters are scaled from the original parameters based on ex vivo experimental tests. A study of the sensitivity is also used to reduce the complexity of the problem. By matching the regional circumferential strains and pressure--volume at the ED frame, we have demonstrated that the parameters of the Holzapfel--Ogden law, and in particular the myofibre stress--strain relationship, can be estimated successfully when suitable constraints are introduced for the in vivo model.

Appendix {#Sec14}
========

The proposed optimization procedure is further applied to two more healthy volunteers \[volunteer 2 (male, age 22) and volunteer 3 (male, age 31)\]. The LV geometry is reconstructed from CMR studies similarly to the volunteer study in the main text (volunteer 1, male, age 28), and 8 mmHg EDP is assumed. Table [8](#Tab8){ref-type="table"} contains the inversely estimated parameters of the Holzapfel--Ogden law. Parameters are similar for all three volunteers, though minor differences exist. Table [9](#Tab9){ref-type="table"} compares the ED regional circumferential strain in the three volunteers with strains from cine images, which shows that with optimized parameters, the simulated strains agree well with the measurements. Figure [9](#Fig9){ref-type="fig"} in Appendix shows the corresponding myofibre stress--strain relationships for all three volunteers under uni-axial tension. Again, the mechanical responses for these healthy volunteers are very similar, particularly at the small strain (Fig. [9](#Fig9){ref-type="fig"}).Table 8Estimated parameters from three healthy volunteers with 8 mmHg EDP$\documentclass[12pt]{minimal}
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